INTRODUCTION
Hepatocellular carcinoma (HCC) is a well-known complication of chronic liver disease and cirrhosis. It has remained as one of the leading causes of death worldwide [1] , responsible for nearly 746000 deaths in 2012 [1] . It is the second most common cause of death from cancer globally [1, 2] . The incidence of HCC in the United States has been rising in the past four decades [3] [4] [5] . Multi-phase computed tomography (CT) or magnetic resonance imaging (MRI) has been the standard of care for HCC diagnosis for years [6] . HCC lesions are known to display arterial enhancement and delayed washout on multi-phase CT or MRI [7] . These contrast-enhanced multi-phase cross-sectional imaging modalities have also been utilized for follow-up on known cases of HCC, especially in determining the response to treatment [8] . Positron emission tomography (PET) scan has been considered unreliable as an imaging modality for HCC diagnosis and for treatment response follow-up due to its lack of sensitivity [9, 10] . Many HCC tumors do not show up on PET scan [11] . This case series intends to describe cases in which PET scan complemented the conventional multi-phase CT or MRI in evaluating treatment response.
CASE PRESENTATION

Chief complaints
(1) Case 1: A 62-year-old male with known hepatitis C cirrhosis self-referred to our liver center for further management; (2) Case 2: A 69-year-old male with cryptogenic cirrhosis was referred to our liver center with a 3.3 cm liver lesion in segment 6/7 that appeared to be hypodense without enhancement on a multi-phase CT scan; (3) Case 3: A 62-year-old male with compensated cirrhosis secondary to chronic hepatitis C was referred to our center with HCC tumors based on outside MRI; and (4) Case 4: A 75year-old female with chronic hepatitis C and compensated cirrhosis was referred to our center due to two HCC tumors, 8.4 cm and 1.2 cm based on multi-phase MRI.
History of present illness
(1) Case 1: The patient was discovered to have HCC upon routine surveillance multiphase CT, with original tumor burden of 4.2 cm in segment 3 cm and 2.6 cm in segment 5/6. He then received multiple trans-arterial chemo-embolization (TACE) treatments to both lobes of the liver; (2) Case 2: Our multi-disciplinary liver tumor board subsequently reviewed the outside CT scan and confirmed the findings of a non-enhancing hypodense liver lesion. Alpha fetoprotein (AFP) was less than 10 ng/mL. The tumor board recommended a biopsy, which revealed poorly differentiated HCC, based on histological characteristics and immunohistochemical staining. The patient underwent TACE; (3) Case 3: The patient was subsequently treated for HCC tumors (2.1 cm in segment 8, and 1.8 cm and 1.2 cm in segment 6) with two TACE treatments and one microwave ablation (MWA). He was also listed for liver transplant, and a PET/CT scan was done to rule out lung metastasis. He had had tuberculosis, successfully treated many years ago; a chest CT had shown a cavitary lesion within some infiltrate in the right upper lung; and (4) Case 4: The patient's AFP remained normal in the single digit (ng/mL) at baseline. She subsequently underwent TACE and proton treatments as recommended by our tumor board. The patient underwent multi-phase MRI for monitoring treatment response every three to four months subsequently, and was deemed in complete response for more than two years after the second treatment with proton. She also underwent hepatitis C treatment successfully and achieved sustained virologic response with negative viral titer more than two years from the end of treatment.
History of past illness
(1) Case 1: Negative for diabetes or cardiac disease; (2) Case 2: Diabetes mellitus type 2, atrial fibrillation, skin cancer, esophageal varices; (3) Case 3: Tuberculosis; and (4) Case 4: Diabetes mellitus type 2, and atrial fibrillation.
Personal and family history
(1) Non-contributory (Case 1, 3, 4); and (2) He was exposed to agent orange in the early 1970s (in his 20s) (Case 2).
Physical examination
Anicteric; abdomen soft, non-distended, and non-tender to palpation; liver not palpable; no asterixis (Case 1, 2, 3, 4).
Laboratory examinations
(1) Case 1: AFP rose to 7344 ng/mL approximately 16 mo after presentation; it raised concerns of extrahepatic metastasis, though recent bone scan and chest CT were both negative; (2) Case 2: The patient's AFP remained low throughout his course, 9.4 ng/mL at the time of the PET/CT scan; his total bilirubin was mildly elevated 2.3 mg/dL while his albumin remained normal, 3.8 g/dL; international normalized ratio (INR) was 1.2; (3) Case 3: The patient's AFP remained normal throughout his course, 3.8 ng/mL at the time of the PET/CT scan; his albumin remained normal, 3.8 g/dL, while his total bilirubin was slightly elevated 1.5 mg/dL; INR remained normal 1.1; and (4) Case 4: AFP started to increase about 31 mo after presentation, to 24.7 ng/mL, and later to 75 ng/mL in month 36. Total bilirubin had remained normal 0.3 mg/dL, and so had albumin 3.7 g/dL.
Imaging examinations
Case 1: A PET-CT scan was done to search for metastasis, and it revealed three foci of increased fludeoxyglucose (FDG) activity within the treated area of segment 3 ( Figure  1A) , while showing no FDG activity in the treated area of segment 5/6; no metastasis was identified. A repeat multi-phase MRI was done concurrently, and it failed to reveal any arterial enhancement in the liver ( Figure 1B Figure 3A) ; no FDG activity in the lungs or elsewhere. A multi-phase MRI a few weeks prior had revealed focal bleed at the periphery of the treatment zone post MWA without evidence of any viable tumor ( Figure 3B ); and (4) Case: A multi-phase MRI in month 36 was negative for any arterial enhancement, but concurrently a PET-CT scan in month 36 revealed positive FDG uptake at the periphery of the treated lesion in segment 2/3 ( Figure 4 ).
FINAL DIAGNOSIS
Recurrent HCC post locoregional therapies (Case 1, 2, 3, 4).
TREATMENT
Case 1
The patient then underwent more TACE treatments. Both multi-phase MRI scans and PET-CT scans were utilized to monitor treatment response. PET-CT scans subsequently showed residual disease in the left lobe. Treatment modality was changed to proton after the fourth TACE to the segment-3 HCC, approximately 29 mo after presentation.
Case 2
The patient underwent and completed a course of proton treatment consisted of 15 fractions. 
Case 3
The patient underwent third TACE approximately five months after the MWA.
Case 4
The patient opted out of recommended laparoscopic ablation, citing her advanced age and the invasiveness of the proposed procedure. She later elected to start nivolumab infusion.
OUTCOME AND FOLLOW-UP
Case 1
The patient's AFP responded from 3841 ng/mL before the proton treatment to 7 ng/mL after proton. He remained in complete response based on both multi-phase MRI and PET-CT scans every three months until approximately 41 mo after presentation when a new focus of FDG uptake was seen in the dome; a concurrent multi-phase MRI again failed to reveal any arterial enhancement. The dome lesion was treated with proton. Both PET-CT and multi-phase MRI three months postproton showed the dome lesion well treated, but there was a recurrent HCC focus with arterial enhancement and washout, as well as FDG uptake ( Figure 1C ), at the previously treated area in segment 6. The patient received proton treatment to segment 6 approximately 48 mo after presentation. The PET-CT scans aided in detecting HCC for this patient and allowed appropriate treatments to prolong his survival. He was followed at our center for a total of 52 mo.
Case 2
The patient was followed up at our center for a total 9 mo. After the proton therapy, he decided to follow up with another institution closer to his residence.
Case 3
Both multi-phase MRI and PET-CT scans one-month post-TACE showed no residual HCC in the liver. The patient was followed up at our center for a total of 37 mo.
Case 4
The patient has tolerated nivolumab infusion well for 14 mo, currently on 2 mg/kg every 2 wk. She has been followed at our center for a total of 58 mo.
DISCUSSION
We have described a series of four cases in which the conventional multi-phase CT and MRI failed to identify residual HCC disease post-treatment, while the FDG PET-CT scan aided in evaluating treatment response (Table 1 ). In all these cases, FDG PET-CT scans detected residual HCC tumors in treatment zone status post locoregional therapy while the contrast-enhanced multiphase scans could not, and these allowed for timely treatment and meaningful survival.
Cirrhosis occasionally could alter the vasculature and distort the manifestation of arterial enhancement and delayed washout in HCC tumors via multi-phase CT or MRI, thereby decreasing the sensitivity and specificity of these contrast-enhanced imaging modalities [6, 12] , not to mention when these HCC tumors have been treated with locoregional therapies or even adjuvant systemic therapy (Case 1). In our case series PET-CT scans appeared very useful when the AFP was elevated and the contrast-enhanced scans did not reveal any pathognomonic findings in treated tumors. The utility and strengths of PET-CT scans are likely underestimated since it is not part of the standard of care in screening for and monitoring HCC, even in the latest United States guidelines [13, 14] ; it is certainly not part of our institution's protocol yet. There have been several studies describing the efficacy of combining the traditional 18F-FDG isotope with another isotope, 11C-acetate, in the utility of PET-CT scan in the detection of HCC [15] [16] [17] [18] [19] . This dual-tracer approach appears to be quite promising in complementing multi-phase CT or MRI scans, as well as FDG PET-CT scan.
CONCLUSION
PET-CT scans can be very helpful in select HCC cases for monitoring of treatment response, especially when contrast-enhanced multi-phase scans fail to identify pathognomonic findings of residual HCC tumors. A prospective study comparing the addition of dual-tracer PET-CT scan to the conventional multi-phase CT or MRI, vs multi-phase CT or MRI alone in detecting HCC tumors, is needed to improve the evaluation of treatment response in this disease. 
